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Abstract
The inherent complexity of microporous rocks together with their relatively low adsorption capacity as compared to commercial 
adsorbents represent a new scientific and technical challenge in the study of adsorption at supercritical conditions. In this paper,
CO2 adsorption isotherms are analyzed that have been measured on various microporous samples, thus including natural 
adsorbents, such as shales and clay minerals, and engineered materials, such as zeolites. The analysis focuses on the estimation
of the density of adsorbed CO2, a parameter that is key to quantify the storage capacity of a given material. It is shown that the 
latter is significantly overestimated when the volume of the adsorbed phase is neglected, this being unfortunately a common 
practice in the assessment of the storage potential of geologic formations. At the same time, estimates of the density (or volume) 
of the adsorbed fluid are largely uncertain with values ranging between the critical and the solid density of the adsorbed even
when the same experimental conditions are considered. More data at representative conditions are needed to assess the real 
contribution of adsorption to the storage capacity of shales. Simultaneously, experimental protocols need to be refined to 
quantify high-pressure adsorption in microporous solids, thus including the characterization of structural parameters, such as the
porosity and the (inaccessible) skeletal volume.  
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Introduction
Physical adsorption refers to the trapping of fluid molecules at near liquid-like densities in the pores of a given 
adsorbent material. The contribution of adsorption to the overall storage capacity of a given porous material 
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increases with the presence of nanopores, as it is the case for fine-grained rocks, such as coals or mudrocks (shales). 
It has been reported that, in the case of shales, adsorption can account for up to 80% of the estimated original gas-
in-place (GIP) [1]. However, the ability to produce this adsorbed gas is limited, and current technology focuses 
primarily on the free gas in the fractures that are naturally present or created upon stimulation of the reservoir. In 
this context and with analogy to natural gas production from deep coal beds, the idea was proposed to use CO2 with 
the purpose of enhancing desorption of hydrocarbon gas, while simultaneously sequestering the CO2 [2].
Understanding and quantifying the mechanisms of adsorption in these natural materials is needed to improve 
predictions of storage capacity, displacement efficiency and production rates for these so-called unconventional 
reservoirs.
In deep subsurface formations, the fluid (pore) pressure is relatively high (in the order of 10-30 MPa) and most 
gases are therefore in the supercritical state. This shift towards high-pressure applications has set new challenges 
with respect to both the measurement and the interpretation of the experimentally obtained adsorption data, and the 
traditional protocols that are applied to measure and represent supercritical adsorption isotherms are currently being 
revisited [3]. In this context, one major concern is related to an appropriate methodology to measure the skeletal 
volume of the adsorbent material [4,5]. The latter significantly affects the measurement of adsorption at elevated 
pressures (or densities), a condition where adsorption saturation of a supercritical gas may be attained. As a matter 
of fact, despite significant advances have been made in the accuracy of the most common measuring techniques 
and data are becoming more available, the actual mechanism of adsorption at elevated pressures in microporous 
materials is still far from being understood.  
The knowledge of the density (or volume) of the adsorbed fluid is key to disclose gas-reserves and/or potential 
storage capacity estimates. A recent publication that reviews various adsorbate/adsorbent systems shows that values 
for the adsorbed density can range between the liquid and the solid state of the adsorbate even for similar pressure 
and temperature conditions, and large discrepancies are found between different measurement techniques [5]. 
While at sub-critical conditions the adsorption process is dictated by the vapor-liquid transition and, accordingly, 
the adsorbed fluid takes the density of the saturated liquid (i.e. about 930 kg/m3 for CO2), at reservoir conditions 
most gases are in the supercritical state: here, a phase transition is absent and the density of the adsorbed fluid is not 
known a priori. As a matter of fact, various methods exist to estimate this parameter leading to as much different 
results. Interestingly enough, the problem of estimating the density of the adsorbed fluid is intimately connected 
with a proper quantification of the accessible pore space of the adsorbent material and, accordingly, of its skeletal 
volume. The fact that these problems are amplified at elevated pressures has a direct implication on the 
characterization of adsorption processes for applications where these conditions are attained, such as in the 
subsurface.  
In this study, we focus our attention on shale samples and on their adsorption properties at conditions 
representative of deep reservoirs. CO2 adsorption isotherms on various shale samples that are reported in the 
literature are analyzed and compared to reference materials, such as pure clay minerals (a major component in 
mudrocks) and nanoporous materials with well-defined pore structures, such as zeolites. A graphical approach is 
applied to estimate the density of the adsorbed fluid from the measured excess adsorption isotherm and results are 
discussed in the context of storage capacity estimates of shale reservoirs. It is concluded that (1) the density of the 
adsorbed fluid is key to disclose reliable storage estimates, especially when the focus is on the amount of free gas in 
the pores; (2) large variations of this parameter are observed among the samples considered, despite the adsorbate’s 
properties in the experiments are the same; (3) more experimental data of gas adsorption in shale under 
representative conditions are needed to realistically quantify the impact of this phenomenon on the storage capacity 
of these systems. 
2. Materials and methods 
For the analysis presented in this paper, various samples have been considered, thus including shales [6], pure 
clay minerals (a major component in mudrocks) [7,8] and 13X zeolite, a nanoporous material with a regular pore 
structure [5]. Due to its peculiar properties, the latter can be used as a reference material against which more 
complex porous solids are compared. High-pressure adsorption isotherms are analyzed that have been measured 
using conventional measurement techniques, such as the gravimetric and manometric methods. Under such 
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conditions, the truly measurable quantity is the so-called excess adsorbed amount, which is defined as nex = na – 
mVa, and it refers to the difference between the actual amount adsorbed (na) and the amount of homogeneous bulk 
fluid with density m that would be present in the (unknown) volume occupied by the adsorbed phase (Va). It is 
worth emphasizing that the excess adsorbed amount refers to an incremental rather than an absolute quantity, thus 
implying that the shape of the measured adsorption isotherm is characterized by a maximum. Additionally, it is 
expected that when adsorption saturation is reached, the subsequent decrease of the isotherm becomes linear at 
sufficiently large densities, when the adsorbed amount is plotted as a function of the bulk density. It follows that 
from the slope of the linear region, the quantity Va can be estimated graphically. Accordingly, extrapolation of the 
linear portion of the isotherm to nex = 0 provides an estimate of the density of the adsorbed phase, a. By assuming 
that this value (either the volume or the density) is constant over the entire density range, the absolute adsorbed 
amount na can be estimated (for additional details, see [5]). Note that as reported in several studies involving 
various fluids and adsorbent materials, the definition of “sufficiently large densities” is relative to the adsorbent 
under investigation, with strictly microporous materials showing an earlier appearance of this behavior, as 
compared to those having a distribution of larger pore sizes. As a matter of fact, this characteristic behavior may be 
key for interpreting results obtained with shale samples. 
3. Results 
Figure 1 presents excess adsorption isotherms of CO2 on various clay minerals and shale samples. Data have 
been obtained from the following sources: Busch et al. 2008 [7], Jeon et al. 2014 [8] and Weniger et al. 2010 [6]; 
additional details regarding experimental conditions and techniques are reported in Table 1. The adsorption 
isotherms are reported in terms of the molar excess adsorbed amount as a function of the bulk density of the fluid, 
and measurements have been collected at a temperature of 45°C. In terms of pressures, maximum values reached in 
the experiments range between 10 and 20 MPa. Significant differences are observed among the clay samples, with 
Montmorillonite (SCa-3 and Swy-2) showing larger adsorption capacities as compared to Illite (IMt-1). In the latter 
case, discrepancies are observed among results of experiments that used different techniques (gravimetric and 
manometric). As expected, shale samples also show significant differences; as a preliminary approach, data have 
been classified according to their geologic period of origin, namely Permian (shales and carbonaceous shales) and 
Devonian (shales). It can be seen in the figure that the former show significant larger adsorption capacity as 
compared to the latter; within each category, trends can be identified with respect to the Total Organic Content 
(TOC) and ash content [6]. 
Table 1. Adsorbed phase density of CO2 on the adsorbent materials considered in this study. 
Adsorbent material Method P / T conditions a [g/mL] Reference
13X zeolite (pellets) Gravimetric 50°C / < 15 MPa 1.18 Pini 2014 
13X zeolite (crystal) Gravimetric 50°C / < 15 MPa 1.10  
Clay (Swy-2) Manometric 45°C / < 10 MPa 0.611 Busch et al. 2008 
Clay (IMt-1) Manometric 45°C / < 10 MPa 0.680  
Clay (IMt-1) Gravimetric 45°C / < 13 MPa 0.357 Jeon et al. 2014 
Clay (SCa-3) Gravimetric 45°C / < 13 MPa 0.938  
Shale (Devonian) Manometric 45°C / < 16 MPa 0.833 Weniger et al. 2010 
Shale (Permian) Manometric 45°C / < 20 MPa 0.884-0.945  
Carb. Shale (Permian) Manometric 45°C / < 20 MPa 1.02-1.37  
The graphical approach described in the previous section has been applied to estimate the density of the 
adsorbed fluid, as given by the straight lines shown in the figures. The obtained density values are summarized in 
Table 1. It can be seen that results vary significantly among the different samples, with clays having the tendency 
toward lower values  (0.357-0.938 g/mL) as compared to shales (0.833 -1.37 g/mL). In comparison, data obtained 
for the 13X zeolite samples (not shown in the figure) are among the highest (1.1-1.18 g/mL). These results suggests 
that beside fluid properties (that are almost identical among these studies), the characteristics of the given pore 
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structure may be the key to interpret these observations. It should also be pointed out that the disagreement 
observed among results on the same material (IMt-1) that have been obtained using different techniques is reflected 
on the estimated adsorbed phase density (0.357 g/mL vs. 0.680 g/mL). In the former case, a significant portion of 
the measured adsorption isotherm shows negative excess adsorbed amounts. While the existence of negative 
adsorption values has been questioned in the literature [4], the definition of excess adsorption as an incremental
quantity with respect to a reference state doesn’t require this increment to be always positive, as pointed out in a 
previous publication [3]. Nevertheless, the discrepancy between these two sets of data raises concerns with respect 
of the accuracy of adsorption experiments at elevated pressures with materials that possess relatively low 
adsorption capacity, such as the rock samples considered here. 
Figure 1 – CO2 excess adsorption isotherms on various clay minerals (left) and shale samples (right). 
Original references to the data are given in Table 1.
4. Discussion and concluding remarks 
One feature that distinguishes unconventional from conventional gas reservoirs is the manner in which the gas is 
stored. In conventional reservoirs, the recoverable gas exists as a compressed fluid in the pores and cracks of the 
reservoir rock; this is known also as free gas and its behavior can be described by an equation of state, such as the 
real gas law. On the other hand, unconventional reservoirs contain fine-grained sediment rocks, such as mudrocks 
or coals, have significantly lower permeability and their porosity is limited to the existing nanopores. These 
nanopores are associated to minerals, such as clays, and organic materials, and they can retain significant amount of 
gas in the form of a condensed fluid by physical adsorption [1]. Mathematically, the amount of fluid stored in a 
shale reservoir can be estimated with a relationship of the following form: 
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where GIP (in mol/kg) is the total gas in place per unit weight of material, m is free gas phase molar density 
(mol/L), B is bulk rock density (kg/L), a is adsorbed gas phase density (mol/L),  is the total porosity, Swo is the 
residual liquid saturation (water and/or oil), and na is amount of adsorbed fluid (mol/kg). The first term on the right 
hand side of Equation 1 represent the amount of free gas in the pore space of the adsorbent material; note that it 
includes the effect of pore space reduction due to gas adsorption (na/a = Va). The second term accounts for the 
amount of adsorbed gas, which can be obtained through the measurement of an adsorption isotherm. It is worth 
mentioning that despite its association with gas storage in shale reservoirs, current methodologies to estimate 
volume capacities are improperly accounting for gas adsorption. In fact, common practices neglect the volume 
0 0.2 0.4 0.6 0.8 1
0
0.1
0.2
0.3
0.4
0.5
0.6
   	 
 
ï
ï



	




SCa-3
Swy-2
IMt-1
Pure clay minerals Shale samples
CO2 at 45°C CO2 at 45°C
Montmorillonite
Illite
Shale (Devonian)
Shale (Permian)
Carb. shale (Permian)
E
xc
es
s 
A
ds
or
pt
io
n 
[m
m
ol
 C
O
2/
g]

E
xc
es
s 
A
ds
or
pt
io
n 
[m
m
ol
 C
O
2/
g]

CO2 density [g/mL] CO2 density [g/mL]
5560   Ronny Pini /  Energy Procedia  63 ( 2014 )  5556 – 5561 
occupied by the adsorbed fluid, (na/a = 0), thus resulting in the overestimation of the pore volume available for free 
gas storage [1]. Yet, when this volume is accounted for, assumptions are made regarding the value of the density of 
the adsorbed fluid, a; it is argued in this paper that the uncertainty related to the actual value of this parameter 
further compromise this exercise. 
   
Figure 2 – Effect of the adsorbed phase density on the estimation of the CO2 storage capacity (or GIP) of 
shales. The following parameters have been used to solve Equation 1: P = 27.6 MPa, T = 82°C,   = 8%, 
B = 2.5 kg/L, na = 0.21 mol/kg. Numbers refer to the samples considered in Table 1.
Figure 2 shows the calculated storage capacity as a function of the assumed density of the adsorbed phase. Note 
that the storage capacity is reported as a fraction of the capacity that would be obtained by imposing na/a = 0, i.e. 
by neglecting the volume occupied by the adsorbed fluid. Additionally, two curves are shown that represent the 
total amount of fluid (GIP/GIP0) and the amount of fluid stored as a free gas (GIPfree/GIP0free), respectively. The 
range of adsorbed density values considered spans between the critical and the solid density of the fluid, thus 
reflecting the experimental observations described in Figure 1 and Table 1 (and shown as symbols in the figure). 
Several comments are worth making with respect to this figure. First, for the case considered here (see parameters 
in the caption of Figure 2) the overestimation of GIP is significant when the volume of the adsorbed phase is 
neglected and can range between 20 – 100% of the actual value, depending on the assumed value of adsorbed 
density. This effect is larger for pure clay minerals, as the latter show smaller density values as compared to shale 
samples. While the limited number of data available in the literature for shale samples precludes drawing any 
conclusion that is generally valid, these results confirm the concerns that have been raised with respect to finding 
appropriate methodologies for estimating storage capacities of shale reservoirs [1] and nanoporous materials in 
general [4]. Secondly, it is evident from the figure that when the volume of the adsorbed phase is accounted for, the 
choice the density (or volume) of the adsorbed phase further affects the estimated storage capacity, with additional 
variations of ± 20-30% depending on whether the GIP or GIPfree is considered. Whether these variations in the 
adsorbed density are related to the distinct pore structure of the materials considered and/or to uncertainties 
associated to the experimental techniques requires more research work under different conditions, thus covering a 
larger population of gas/solid systems. In this context, the design an experimental protocol to accurately quantify 
the skeletal (inaccessible) volume of the adsorbent material is key to correctly apply the graphical approach used in 
this study to estimate the density (or volume) of the adsorbed phase. In fact the skeletal volume greatly affects the 
portion of the isotherm measured at large densities, i.e. where the isotherms becomes linear and the graphical 
method is applied. It is argued here that this is even more important for materials with relatively low adsorption 
capacities, a condition that amplifies such uncertainties. Third, it is worth pointing out that even though Equation 1 
provides means to estimate the storage capacity directly from the measured excess adsorbed amount, the 
quantification of the amount of free gas does require the knowledge of the adsorbed phase density. Knowledge of 
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the free gas storage is important from an operation point of view, as it represents the fraction of fluid that may be 
initially recovered from the underground formation. 
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